The ovules of flowering plants consist of a central embryo sac and surrounding layers of the inner and outer integument. As these structural units eventually give rise to the embryo/endosperm and seed coat, respectively, a precisely organized ovule structure is essential for successful fertilization and seed production. In Arabidopsis thaliana, correct ovule patterning depends on the restricted expression of the CLASS III HOMEODOMAIN LEUCINE ZIPPER (HD-ZIP III) gene PHABULOSA (PHB) in the apical region of the incipient inner integument, which in turn is regulated via post-transcriptional suppression by miR165 and miR166 (miR165/6) derived from multiple MIR165/6 genes. While a common subset of MIR165/6 genes regulate PHB expression in the root meristem, leaf primordium and embryo, it is unknown whether the same MIR165/6 subset also regulate PHB expression during ovule development. Furthermore, it is unclear where in the ovule primordia miR165/6 are produced. Here, we show that a distinct set of MIR165/6 genes that are highly expressed in the small regions of early ovule primordia restrict the PHB expression domain to promote integument formation. MIR165/6 genes that function in ovule development are phylogenetically distinct from those acting in roots and leaf primordia. Taken together, our data suggest that members of the MIR165/6 gene family are diversified in their expression capacity to establish elaborate PHB expression patterns depending on the developmental context, thereby allowing HD-ZIP III transcription factors to regulate multiple aspects of plant development.
Introduction
The ovule of an angiosperm consists of a central embryo sac and peripheral integuments, which give rise to the embryo/ endosperm and seed coat, respectively. Morphogenesis of these elaborate ovule structures is thus essential for successful fertilization and seed production. Therefore, ovule development has been extensively studied in a wide variety of plant species (Endress 2011 ). In the model angiosperm Arabidopsis thaliana, the sequence of ovule development has been extensively described and separated into distinct stages (Schneitz et al. 1995) (Fig. 1A) . After its initiation from placental tissues in the gynoecium, the ovule primordium elongates and develops three domains, the nucellus, chalaza and funiculus, which are destined to form the embryo sac, integuments and stalk of the mature ovule, respectively (Fig. 1A) . As in most angiosperm species, ovules of A. thaliana are 'bitegmic', with the inner and outer integuments extending from the flank of the chalaza, each containing both inner and outer cell layers. Thus, the integument as a whole is composed of four cell layers in most areas (Fig. 1A) (Schneitz et al. 1995 , Coen et al. 2017 .
A number of transcription factors regulate ovule patterning in A. thaliana. For example, the homeodomain transcription factor WUSCHEL (WUS) plays important roles in specifying nucellus identity and indirectly regulates integument formation (Gross-Hardt et al. 2002) . Integument formation is regulated by complex genetic interactions among several transcription factors, such as INNER NO OUTER (INO), AINTEGUMENTA (ANT) and ABERRANT TESTA SHAPE/KANADI4 (ATS/KAN4); the establishment of their expression territories in early ovule primordia appears to be important for integument formation (Gross-Hardt et al. 2002 , Sieber et al. 2004 ).
Integument formation is also strongly influenced by the expression patterns of CLASS III HOMEODOMAIN LEUCINE ZIPPER (HD-ZIP III) transcription factors (Sieber et al. 2004 , Prigge et al. 2005 , Yamada et al. 2016 . In A. thaliana, the HD-ZIP III family consists of five members: PHABULOSA (PHB), PHAVOLUTA (PHV), REVOLUTA (REV), CORONA (CNA) and ATHB8. These five HD-ZIP III transcription factors function either redundantly or antagonistically, depending on the developmental context (Prigge et al. 2005) . While loss-of-function mutants of a single HD-ZIP III gene exhibit no mutant phenotype in ovules, phb phv cna triple mutants exhibit striking defects in integument formation ), pointing to functional redundancy among the HD-ZIP III genes in ovule development. In contrast, gain-of-function phb-1d mutants exhibit pleiotropic developmental defects and carry mutations in the conserved region targeted by microRNA (miRNA or miR)165 and miR166 (collectively referred to as miR165/6 hereafter) (Emery et al. 2003 , Mallory et al. 2004 , Ochando et al. 2006 . Expression analysis via in situ hybridization indicated that PHB transcripts are localized to the distal chalaza in the early ovule primordium and are restricted to the inner layer of the inner integument during the initiation of integument formation (Sieber et al. 2004) . In contrast, miR165/6-resistant gain-of-function phb-1d transcripts accumulate in both the inner and outer layers of the inner integument (Sieber et al. 2004) , and ovule development is arrested during integument formation in PHB/phb-1d plants (McConnell and Barton 1998 , McConnell et al. 2001 , Sieber et al. 2004 ). These observations strongly suggest that precise control of the PHB expression domain by miR165/6 is essential for ovule morphogenesis.
In A. thaliana, miR165/6 are produced through the processing of primary transcripts from two MIR165 and seven MIR166 loci (MIR165A, MIR165B and MIR166A-MIR166G; collectively referred to as MIR165/6 hereafter) (Maher et al. 2006) . While MIR166 genes are widely found in land plants, MIR165 genes have thus far been found only in the Brassicaceae family (Maher et al. 2006 , Taylor et al. 2014 . Mature miR165 and miR166 molecules differ only at a single non-critical nucleotide and are hence considered functionally equivalent (Tang et al. 2003, Jung and Park 2007) . In contrast, the primary transcripts of MIR165/6 genes (pri-miR165/6) are highly diversified in terms of sequence, except for the region corresponding to mature miR165/6 and their complementary strands (star strands), which together form a fold-back structure that is targeted by DICER-LIKE enzymes (Barik et al. 2014) .
Some MIR165/6 genes have overlapping expression patterns in A. thaliana. For example, MIR165A, MIR166A and MIR166B are transcribed in the endodermal layer of the root meristem region, and miR165/6 derived from these three MIR165/6 genes restrict the expression of PHB to the central cell files in the root vascular cylinder in a non-cell-autonomous manner. This miR165/6-dependent restriction of PHB expression is critical for the correct vascular patterning and radial organization of root tissues (Carlsbecker et al. 2010 , Miyashima et al. 2011 . The same three MIR165/6 genes are transcribed in the abaxial (outer) half region of the leaf primordium, and miR165/6 derived from these genes restrict PHB and PHV expression to the adaxial (inner) half region of the leaf primordium (Yao et al. 2009 , Tatematsu et al. 2015 . The establishment of this HD-ZIP III expression pattern is critical for the organization of leaf tissues along the dorsoventral axis. Similarly, the expression domains of PHB, PHV, REV and CNA are restricted to the apical-central region in early globular-stage embryos, and they promote shoot apical meristem formation and cotyledon polarity (McConnell et al. 2001 , Grigg et al. 2009 , Smith and Long 2010 . This characteristic HD-ZIP III expression pattern is determined by miR165/6 derived from MIR165A, MIR165B, MIR166A, MIR166B and MIR166G, which are all expressed in the basalperipheral regions of globular embryos (Miyashima et al. 2013 ). All of these findings highlight a central role for miR165/6 in regulating HD-ZIP III expression patterns, which in turn control axis formation and organ polarity in A. thaliana. ii, inner integument; oi, outer integument; aoi, arrested outer integument; es, embryo sac; nu, nucellus. Scale bar =10 mm.
We previously constructed transgenic A. thaliana lines harboring the PHBmu-GFP transgene, which possesses point mutations in the miR165/6 target site that do not alter the encoded amino acid sequences (Fig. 1B) (Miyashima et al. 2011) . The phenotypes of PHBmu-GFP plants matched those of the miR165/6-resistant phb-1d mutant, such as disorganized root vascular patterning, compromised leaf dorsoventral polarity and enlarged shoot meristems in embryos (McConnell and Barton 1998 , McConnell et al. 2001 , Miyashima et al. 2011 , Miyashima et al. 2013 ). These PHBmu-GFP plants allowed us to analyze the defects in phb-1d in reference to the PHB protein expression patterns visualized by green fluorescent protein (GFP) signals. Importantly, the introduction of another transgene, MIR165Amu, which produces miR165 molecules targeting PHBmu-GFP transcripts (Fig. 1B) from the MIR165A genomic fragment, caused the reversion of both PHB expression patterns and plant morphology to those of the wild type and plants expressing a miR165/6-sensitive PHB-GFP transgene, indicating that the single MIR165A gene is sufficient to restrict PHB expression during most, if not all, developmental processes (Miyashima et al. 2011 , Miyashima et al. 2013 , Tatematsu et al. 2015 . Therefore, it has been unclear why so many MIR165/6 genes exist in the genomes of A. thaliana and other plant species.
In this study, we analyzed both the expression patterns and functions of PHB and miR165/6 in ovule morphogenesis in A. thaliana. Our results indicate that, in contrast to previously characterized developmental processes, the presence of MIR165A alone is not sufficient to suppress PHB expression in the ovule. Detailed expression analysis of MIR165/6 genes, as well as genetic rescue experiments using PHBmu-GFP plants, revealed that MIR166D and MIR166G play central roles in restricting PHB expression during ovule development. Our data uncover a previously undetected functional diversification of MIR165/6 genes and the importance of having multiple MIR genes for the production of a single miRNA species in plant development.
Results

MIR165A is not sufficient for controlling PHB expression in developing ovules
While PHBmu-GFP/MIR165Amu plants exhibit normal gross morphology throughout their life cycle, these plants have severely reduced seed set. Dissection of flower buds indicated that the outer integuments of PHBmu-GFP/MIR165Amu ovules did not extend like those of wild-type ovules ( Fig. 1C-E) . A similar defect was reported for phb-1d ovules (Sieber et al. 2004 ), indicating that MIR165Amu is unable to suppress PHBmu-GFP expression in developing ovules. These observations suggest that in wild-type ovule primordia, MIR165/6 loci other than MIR165A are responsible for the production of miR165/6 to restrict PHB expression.
miR165/6 suppress HD-ZIP III expression in incipient integuments
To map precisely the region where miR165/6 suppress PHB expression, we compared the GFP expression patterns of three PHB reporter lines: PHB-GFP, PHBmu-GFP/MIR165Amu and pPHB-GV-UAS-GFPer. PHB-GFP plants expressed miR-sensitive PHB-GFP transcripts (Fig. 1B) . GFP fluorescence in this line faithfully mirrored the previously reported distribution pattern of endogenous PHB transcripts in wild-type ovules (Sieber et al. 2004, Kelley and . GFP fluorescence was first detected in the distal chalaza of the stage 1-II ovule primordium (stages according to Schneitz et al. 1995) (Fig. 2A) and became restricted to a few cells in the inner layer of the inner integument during later stages (stage 2-III; Fig. 2F , K). These observations indicate that the expression of PHB proteins is restricted to the inner layer of the inner integument.
We then analyzed PHB transcription patterns using a twocomponent transcriptional reporter line (pPHB-GV-UASGFPer), in which the synthetic transcription factor GAL4:VP16 (GV) driven by the PHB promoter activates the cell-autonomous GFPer reporter placed under the control of an upstream activation sequence (UAS) (Haseloff 1999) . GFP fluorescence was broadly distributed on the apical side (i.e. toward the tip of the gynoecium; Fig. 1A ) of the chalaza and funiculus in developing ovules (Fig. 2B , G, L). In stage 1-II ovules, GFP fluorescence was also detected in the region where inner and outer integument initiation takes place (Fig. 2B) , while in stage 2-III ovules, fluorescent signals were restricted to the primordium of the inner integument (Fig. 2G, L) . The GFP expression patterns in PHBmu-GFP/MIR165Amu ovules essentially mirrored the PHB transcription patterns described above ( Fig. 2C, H ; compare with Fig. 2B , G, respectively), which is consistent with the notion that MIR165Amu plays little if any role in suppressing PHBmu-GFP expression in developing ovules.
Together, these results indicate that miR165/6 derived from MIR165/6 genes other than MIR165A regulate the spatial expression patterns of PHB in the ovule primordium. However, as PHB expression is also regulated at the transcriptional level, a comparison between the PHB-GFP and pPHB-GV-UAS-GFPer lines alone does not provide information about endogenous miR165/6 activity in developing ovules. We therefore visualized the distribution of endogenous miR165/6 activity using a miR165/6 sensor line. In this line, a reporter gene composed of a nuclear-localized yellow fluorescent protein (YFP)-coding sequence fused with a 3'-untranslated region (UTR) including a miR165/6 target site is expressed under the control of a constitutive promoter. In stage 1-II ovules, YFP fluorescence was detected throughout the ovule primordium, except for flanking regions of the chalaza (Fig. 2D , outlined by yellow lines). In stage 2-III ovules, a region including the incipient outer integument, the outer layer of the inner integument and the epidermal cells of the proximal chalaza did not exhibit YFP fluorescence (outlined by yellow and orange lines in Fig. 2I , K-M, respectively). In contrast, a control sensor line with a mutated miR165/6 target site exhibited ubiquitous expression of YFP fluorescence in both stage 1-II and 2-III ovules (Fig. 2E, J) . These observations indicate that miR165/6-dependent suppression of PHB is active at the sites of integument formation, except for a small region corresponding to the inner layer of the inner integument. The domain of miR165/6 activity visualized in the sensor line coincided with the region where PHB-GFP expression is post-transcriptionally suppressed (compare Fig. 2F, I , also shown schematically in Fig. 2K ). Taken together, these results indicate that the spatial expression domain of PHB is post-transcriptionally determined by the localized activity of miR165/6 in developing ovules.
A subset of MIR165/6 genes are strongly expressed in the incipient outer integument
The detection of miR165/6 activity at the incipient outer integument suggested that some MIR165/6 genes are expressed in this region. We therefore analyzed the expression patterns of all nine MIR165/6 genes during the course of ovule development using previously established transcriptional reporter lines (Miyashima et al. 2011 , Miyashima et al. 2013 ). This analysis revealed the expression of four MIR165/6 genes, namely MIR165A, MIR166A, MIR166D and MIR166G, in at least some stages/regions of developing ovules (Fig. 3) , whereas the expression of the other MIR165/6 genes was not detected in developing ovules (see Supplementary Fig. S1 for representative images).
The expression of MIR165A and MIR166A reporters was generally weak, and initiated at the basal side of the chalaza only after the primordial integuments became visible (Fig. 3A 3 , B 3 ). The expression of these reporters became stronger during later stages of development ( Fig. 3A 4 , A 5 , B 4 , B 5 ). During these stages, we detected weak expression at the bases of elongating integuments, which became stronger at later stages when the integuments extended toward the tip of the nucellus (Fig. 3A 5 , B 5 ). The lack of strong MIR165A expression prior to stage 2-III is consistent with the inability of MIR165Amu to suppress PHBmu-GFP expression during these stages.
In contrast to the weak and late initiation of MIR165A and MIR166A expression, the MIR166D and MIR166G reporter lines exhibited considerably stronger expression beginning at the early stages of ovule development. MIR166D and MIR166G expression initiated on the basal side (close to the base of the gynoecium) of stage 1-II ovule primordia (right side of ovules in Fig. 3C 1 , D 1 ) and became stronger and broader toward the apical side (close to the tip of the gynoecium) during stage 2-II (left sides of ovules in Fig. 3C 2 , D 2 ). As the integuments started to extend, a band-shaped expression domain appeared at the inner layer of the outer integument (Fig. 3C 3 , D 3 ). When the integuments were fully extended, MIR166D and MIR166G expression was restricted to the inner layer of the outer integument ( Fig. 3C 5 , D 5 ) . We compared the expression patterns of MIR166D and MIR166G (Fig. 3C 1 -C 3 , D 1 -D 3 ) with those of the miR165/6 sensor ( Fig. 2D, I ), finding that the domain of miR165/6 activity extended apically (to the top side of each figure panel) at a distance of a single cell, which is consistent with the previously described short-range, non-cell-autonomous activity of miR165/6 (Carlsbecker et al. 2010 , Miyashima et al. 2011 , Miyashima et al. 2013 , Tatematsu et al. 2015 . Together, these results indicate that among the nine MIR165/6 genes, MIR166D and MIR166G are expressed at high levels in developing ovules, and suggest that miR166 molecules derived from MIR166D and MIR166G primarily determine PHB expression patterns in developing ovules.
MIR166D and MIR166G regulate PHB expression patterns during ovule development
The expression analyses described above suggest a possible role for MIR166D and MIR166G in producing miR166 to suppress PHB expression, thereby promoting ovule morphogenesis. To test this possibility, we independently introduced constructs harboring either the MIR166Dmu or MIR166Gmu transgene that contained mutations complementary to the miR165/6 target site in PHBmu-GFP (Fig. 1B) , into PHBmu-GFP/MIR165Amu plants. Examination of ovule morphology in seven and six independent lines harboring MIR166Dmu and MIR166Gmu, respectively, revealed significant recovery of ovule development in T 1 plants (Fig. 4A) .
To correlate the recovery of ovule morphology with the expression patterns of PHBmu-GFP, we analyzed the distribution of GFP fluorescence in developing ovules of PHBmu-GFP/MIR165Amu/ MIR166Dmu and PHBmu-GFP/MIR165Amu/MIR166Gmu plants (Fig. 4) . As expected, the expression of PHBmu-GFP was suppressed in plants containing MIR166Dmu or MIR166Gmu (Fig. 4D, E, H, I ) compared with MIR165Amu alone (Fig. 4C, G) . Notably, GFP fluorescence was detected in only a few cells located at the distal chalazal region and in the central cell file in stage 1-II ovules ( Fig. 4D, E ; compare with Fig. 4C ). This expression pattern of PHBmu-GFP is similar to that of PHB-GFP under the suppression of endogenous miR165/6 (Figs. 2A, 4B) . Thus, the introduction of either MIR166Dmu or MIR166Gmu altered PHBmu-GFP expression to the wild-type pattern and concomitantly restored ovule formation. (D 5 ) is an enlarged image of the boxed region. nu, nucellus; cha, chalaza; fu, funiculus; es, embryo sac; ii, inner integument; oi, outer integument; ooi, outer layer of the outer integument; ioi, inner layer of the outer integument; oii, outer layer of the inner integument; iii, inner layer of the inner integument. Scale bar, 10 mm.
These results further support the notion that in wild-type ovules, miR166 produced from MIR166D and MIR166G is mainly responsible for regulating PHB expression patterns, thereby promoting ovule morphogenesis.
MIR166D and MIR166G form a separate clade in the MIR165/6 phylogenetic tree Previous phylogenetic analysis of seven MIR166 genes in A. thaliana suggested the early divergence of an ancestral gene into two clades, with one including MIR166A, MIR166B, MIR166E and MIR166F, and the other including MIR166C, MIR166D and MIR166G (Maher et al. 2006) . A more recent phylogenetic analysis was carried out using MIR166 genes from moss (Physcomitrella patens), rice (Oryza sativa), and A. thaliana (Barik et al. 2014 ). In the current study, we performed a phylogenetic analysis of MIR165/6 genes from four Brassicaceae species, A. thaliana, A. lyrata, Capsella rubella and Brassica rapa. Our analysis suggested that an ancestral gene of MIR166C, MIR166D and MIR166G emerged before the divergence of the four plant species, since this clade includes MIR166C, MIR166D and MIR166G sequences from all of the species (Fig. 5) . In all of these studies, MIR166D and MIR166G, the two MIR166 genes identified as key regulators of PHB expression in ovules, were closely associated in the MIR165/6 phylogeny of the family Brassicaceae.
Discussion
We previously established a set of reporter lines that can be used to visualize the transcription patterns of MIR165/6 genes in A. thaliana. In the current study, we used this resource to analyze the spatiotemporal expression patterns of all nine MIR165/6 genes during the course of ovule development at a cellular resolution. The expression patterns of MIR165/6 genes matched the domains of HD-ZIP III suppression in ovules that were independently predicted from a comparison between the expression patterns of miR-sensitive and miR-resistant PHB-GFP plants, as well as from the miR165/6-sensor lines. Our results also indicate that miR165/6 have non-cell-autonomous functions in ovules, as previously demonstrated in roots, embryos and leaf primordia (Miyashima et al. 2011 , Miyashima et al. 2013 , Tatematsu et al. 2015 . In a previous study, we also developed a PHBmu-GFP/MIR165Amu transgenic line that we used to examine the developmental roles of MIR165A with direct reference to PHB protein expression patterns and the resulting phenotypes (Miyashima et al. 2011) . Studies using these tools have pointed to the shared expression patterns of multiple MIR165/6 genes, as well as the versatile roles of the single MIR165A gene in regulating a wide range of developmental processes, such as embryogenesis, root tissue patterning and the establishment of leaf polarity (Miyashima et al. 2011 , Miyashima et al. 2013 , Tatematsu et al. 2015 . These findings prompted us to investigate why so many MIR165/6 genes were retained in the genomes of A. thaliana and other flowering plants, and whether they play locus-specific roles in other developmental processes, such as ovule morphogenesis.
The present study revealed that at least two members of the MIR165/6 gene family, MIR166D and MIR166G, are functionally diversified from other members and that they regulate ovule patterning in A. thaliana (Fig. 6) . This diversification appears to be primarily due to their unique expression patterns rather than their targeting of specific HD-ZIP III transcripts, since MIR166D and MIR166G suppress PHB expression, as does MIR165A. Notably, however, the functions of MIR166D and MIR166G are not strictly specific to ovule patterning. For example, we previously revealed that MIR166G is first expressed in the suspensors of two-to four-cell stage embryos and is subsequently expressed in the basal-peripheral domain of the globular-stage embryo proper, a pattern similar to that of the other MIR165/6 genes (Miyashima et al. 2013) . Nevertheless, the expression patterns of MIR166D and MIR166G in ovules are highly similar, and these genes are phylogenetically distinct from the other MIR165/6 genes, which are expressed in embryos, roots and leaves (Fig. 6) . These findings raise the intriguing possibility that the lineage containing MIR166D and MIR166G arose during the evolution of the basic ovule structure in plants. This evolutionary scenario could be tested via detailed Fig. 5 MIR166C, MIR166D and MIR166G form a distinct clade in the phylogenetic tree of MIR165/6 genes from the family Brassicaceae. Species are color-coded and abbreviated as follows: Aly, A. lyrata; Ath, A. thaliana; Bra, Brassica rapa; Cru, Capsella rubella. Bootstrap values calculated using 100 replicates (%) are shown at the branches. The scale bar indicates evolutionary distance expressed as the ratio of nucleotide substitutions. The green box represents the subclade including MIR166D and MIR166G that functions in ovule morphogenesis in A. thaliana.
reporter analyses of MIR166 genes from other plant species, such as rice MIR166B, MIR166D and MIR166H, that fall into the same subclade as A. thaliana MIR166D and MIR166G in the phylogenetic tree constructed by Barik et al. (2014) .
Our analysis also indicated that although A. thaliana contains nine MIR165/6 genes, many of these genes exhibit at least partially overlapping expression patterns. This notion raises the question of why so many MIR165/6 genes with similar expression patterns were retained in plant genomes. One possibility is that each MIR166 member has slightly different expression capacities, with beneficial effects under different environmental conditions. Alternatively, as HD-ZIP III genes also exist as a gene family and have overlapping functions, multiple MIR165/6 loci with similar expression capacities are required to ensure sufficient miRNA dosage. Retaining multiple MIR gene copies would also be advantageous for plants to acquire novel expression patterns for versatile developmental regulators, such as HD-ZIP III, without the need for the genes to create novel cis-elements in their promoter sequences.
Materials and Methods
Plant materials and growth conditions
The A. thaliana plants of MIR165/6 reporter lines, PHBmu-GFP/MIR165Amu and PHB-GFP plants were described previously (Miyashima et al. 2011 , Miyashima et al. 2013 . The miR165/6 sensor lines were generated in this study as described below. Seeds were surface-sterilized and plated on Murashige and Skoog medium containing 1% (w/v) sucrose and 1% (w/v) agar. After a cold treatment at 4 C for 2 d, the seeds were exposed to white light to trigger germination and cultured on vertically oriented plates at 22 C. Plants were transferred to soil approximately 2 weeks after germination and grown under long-day conditions (16 h light; 8 h darkness).
Microscopy
Expression analysis of the reporter lines was performed using a Nikon C2 confocal laser-scanning microscope (CLSM) (Nikon Instech). Ovules were isolated from flower buds and soaked in a drop of solution containing 0.4 M glucose and 10 mg ml -1 FM4-64 (Thermo Fisher Scientific) on a glass slide. After approximately 10 min, a coverslip was placed on the sample and the ovules were observed under a Nikon C2 CLSM. Clearing of plant tissues was performed as described (Aida et al. 1997) , and the samples were observed under a BX51 differential interference contrast microscope (Olympus).
DNA constructs and plant transformation
Primers used to produce the DNA constructs are listed in Supplementary Table S1 .
PHB transcriptional reporter (pPHB-GV-UAS-GFPer). A 3.6 kb fragment of the PHB promoter was amplified from wild-type Col-0 genomic DNA with the primers Sal-PHB-3570 and Bam-PHB-1c. After digestion with SalI and BamHI, the PHB promoter fragment was inserted into the hssb (HindIII-SalI-SpeIBamHI) polylinker region of the pBIB-UAS-GFPER-hssb-NtADH5'-GV vector, in which a translational enhancer sequence of tobacco ADH (Satoh et al. 2004 ) was inserted before the GV-coding region of pBIB-UAS-GFPER-hssb-GV (Waki et al. 2011 ).
miR165/6-sensor (pBI-Kan-pSPR1-ds-nlsYFP-165tgt and -165 mu-tgt). A fragment of the A. thaliana SPR1 promoter including the non-coding first exon and first intron (pSPR1) of this gene (Nakajima et al. 2004 ) was amplified from wild-type Col-0 genomic DNA with the primers Xho-SPR1-ProF and Bam-SPR1-ProEnd-R. pSPR1 was used as a constitutive promoter, as it confers nearly equal Fig. 6 Roles of MIR165/6 genes in A. thaliana ovule development. Schematic diagram of the regulation of ovule morphogenesis by miR166 derived from MIR166D and MIR166G. Orange indicates the transcriptional domain of MIR166D and MIR166G, and purple indicates the miR166 activity domain. Note that the miR166 activity domain extends toward the ovule apex by a distance of one cell compared with the MIR166D/G transcription domain due to the non-cell-autonomous action of miR166. Green indicates PHB expression at the level of transcription (top) and transcript accumulation (bottom). Without miR166 function, PHB remains strongly expressed in the chalaza and funiculus, resulting in compromised formation of the outer integument. ii, inner integument; oi, outer integument; aoi, arrested outer integument. levels of expression in most A. thaliana tissues. A DNA fragment containing a nuclear-localized YFP (nlsYFP)-coding sequence and a mutated target sequence of miR165/6 was created by amplifying the nlsYFP-coding sequence of pBI-Kannls-YG (Waki et al. 2011 ) with the primers M13-RV and EcoRI-165 mu-tgt-Sal-YFP-CtR. The nopaline synthase terminator fragment was amplified from the pBI221 vector with the primers Xba-NosT-5' and Sac-NosT-3'. These three fragments were assembled on the polylinker region of the pBI-Kan vector (Waki et al. 2011 ) using the restriction enzymes XhoI, BamHI, EcoRI and SacI to yield pBI-Kan-pSPR1-nlsYFP-165mu-tgt. To enhance the responsiveness of the nlsYFP reporter, a destruction box (ds) sequence was added to the N-terminus of nlsYFP. This was accomplished by amplifying the ds-coding sequence of A. thaliana CDKB2;1 (Adachi et al. 2006 ) from wild-type Col-0 genomic DNA with the primers SPR1pro-CDKB2;1-Nt and Bam-CDKB2;1-225c. The DNA fragment obtained by this PCR was used as a primer together with the Xho-SPR1-ProF primer to amplify the SPR1 promoter, yielding the pSPR1-ds fragment. This fragment was used to replace the pSPR1 fragment of pBI-Kan-pSPR1-nlsYFP-165mutgt to yield pBI-Kan-pSPR1-dsnlsYFP-165mutgt. The mutated miR165/6 target sequence of pBI-Kan-pSPR1-ds-nlsYFP-165mutgt was replaced with the wild-type miR165/6 target by removing the mutated target sequence via digestion with EcoRI and SalI, followed by insertion of a synthetic adaptor that was prepared by annealing two oligonucleotides, 165WT-linkerF and 165WT-linkerR, yielding pBI-KanpSPR1-ds-nlsYFP-165tgt.
MIR166Dmu and MIR166Gmu. Genomic fragments of MIR166D and MIR166G were amplified from Col-0 genomic DNA with the primer pairs Sal-MIR166D-(-)1873/Pst_MIR166D+977c and Sal-MIR166G-(-)2223/Pst_MIR 166G+1560c, respectively. After digestion with SalI and PstI, the MIR166D and MIR166G fragments were inserted into the pUC19 and pBluescript II vectors, respectively. The miR165/6-resistant mutations were introduced via the megaprimer method; short PCR products with the desired mutation were prepared using the primers miR166mu_AtoT paired with either Pst_MIR166D+977c or Pst_MIR166G+1560c, followed by a second PCR using the first PCR products as mega-primers and either Sal-MIR166D-(-)1873 or Sal-MIR166G-(-)2223 as another primer. Mutated parts of MIR166D or MIR166G were used to replace the MIR166D or MIR166G fragments and transferred to binary vector pBI-Kan (Waki et al. 2011 ).
Transformation of A. thaliana
Transformation of A. thaliana was performed by the floral dip method (Clough and Bent 1998) using wild-type Col-0 or PHBmu-GFP/MIR165Amu plants as hosts.
Phylogenetic analysis
Pre-miRNA sequences of A. thaliana miR165/6 s were downloaded from the TAIR database (http://www.arabidopsis.org/, February 28, 2018, date last accessed). To obtain pre-miRNA sequences from the A. lyrata, C. rubella and B. rapa MIR165/6 genes, the corresponding genomic sequences were downloaded from the Phytozome database (https://phytozome.jgi.doe.gov/pz/ portal.html, February 28, 2018, date last accessed) and analyzed using the RNAfold program (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold. cgi, February 28, 2018, date last accessed) to identify regions forming hairpin structures. Sequences were aligned using the ClustalW program (Thompson et al. 1994 ). The phylogenetic tree was constructed using the maximum-likelihood method and examined by the bootstrap method with 100 replicates on the MEGA6 platform (Tamura et al. 2013 ).
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